The Scrape off Layer (SOL) plasma and its coupling with the edge dictate the performance of a discharge to a high degreeespecially as all plasma has to go through the SOL, which is the main exhaust channel for the hot plasma. This contribution provides an overview of the modelling efforts of the plasma dynamics in the SOL and the edge regions. We employ a fully dynamical fluid model, the HESEL code. HESEL is equipped with synthetic diagnostic tools as probe arrays, Li-beam spectroscopy, and Gas Puff Imaging. Using the synthetic probe arrays to measure the electron and ion heat advection and conduction, we can obtain the upstream power fall-off length for a broad range of plasma parameters and by applying nonlinear fitting procedures we derive the scaling of the fall-off length. We show that the obtained results are in agreement with recent experimental observations from L-mode ASDEX Upgrade data. A workflow for generating synthetic Lithium beam data, where the fluctuation data from HESEL are passed to the RENATE code will be discussed using experimental results from EAST.
INTRODUCTION
The understanding of the Scrape off Layer (SOL) plasma is a key topic in contemporary fusion research. Any predictive capability for the design and operation of present and future fusion experiments -and of future fusion power plants -rely on that understanding. The SOL is a region, where perpendicular and parallel transport balance. The plasma transport through the SOL is dominated by turbulent intermittent fluctuations organized into filamentary structures convecting particles, energy and momentum. This highly intermittent transport cannot be described or parametrized by diffusion-convection type models. To properly model the SOL dynamics
IAEA-TH/P7-4
it has become obvious in the last years that it is necessary to account for the full dynamical evolution of the SOL, treating the profile evolution on the same footing as the fluctuations.
For developing an insight into the dynamics of the SOL, it is necessary to have a coherent view on both SOL and edge and to combine advanced and detailed experimental investigations with modelling capable of resolving the complex dynamics of the coupled edge/SOL region. Steady-state mean field models, despite detailed account of magnetic field geometry and the atomic physics issues, alone cannot develop this insight. By design, these models lack the intermittent dynamics of the edge/SOL plasma. The strong and direct linking of experimental and modelling activities, especially synthetic diagnostics, is essential for approaching full understanding and predictive capabilities of the SOL transport.
To generate the synthetic diagnostics we employ the 2D fluid model, HESEL, which has in the past successfully been used to model the perpendicular transport of particle, energy and momentum across the Last Closed Flux Surface (LCFS) for a number of tokamaks; JET [1] , MAST [2] , EAST [3] , ASDEX Upgrade [4] and TCV [5] . The code simulates density, ion and electron pressure evolution together with the evolution of the generalized vorticity [6] [7] and assumes that the SOL is mainly fueled at the outboard midplane due to radial transport of heat and particles caused by interchange-driven, low-frequency turbulence. Parallel losses, including sheath couplings at the material surfaces, have been parameterized in the SOL. Figure 1 shows a cross-section of ASDEX Upgrade (AUG) and the HESEL domain. For interaction with experiments, HESEL is equipped with synthetic diagnostic tools such as probe arrays, Li-beam spectroscopy, and Gas Puff Imaging. These diagnostics have been developed within the EUROfusion Integrated Modelling framework [8] [9] , automating access to experimental data and discharge parameters. 
SYNTHETIC DIAGNOSTICS
The experimental data were obtained from series of experiments on ASDEX Upgrade, where filamentary transport was investigated and these studies were part of plasma operations within the EUROfusion work program on Medium-Size Tokamak Campaigns. We specifically investigate discharge #34106, which is a Lmode with deuterium plasma, operated in Lower Single Null configuration. Energy input consisted of 0.7 of Ohmic power and 0.55 of NBI. Figure 2 shows the experimental obtained pedestal profiles of electron density and electron and ion temperature, respectively, from the edge Thomson scattering, the New Lithium beam and the poloidal and toroidal edge CXRS diagnostics. In solid green are plotted fitted edge profiles, used in HESEL as forcing profiles, see profile region in Figure 1(b) . We have performed a HESEL simulation, HESEL@AUG#34106, using these profiles and general plasma parameters; major radius R=1.65 m, minor radius a=0.5m, magnetic field on axis B 0 = 2.92 T, safety factor q 95 =3.95. To calculate the neo-classical dissipation coefficients in the model, we use characteristic parameters at the LCFS; electron density n e,0 =
x10
19 m −3 , electron temperature T e,0 = 50 eV, and ion temperature T i,0 = 75 eV. In the next sections, we will use the results from this simulation to investigate radial and parallel transport. 
Synthetic Langmuir probes
The HESEL code has previously been applied to investigate the radial transport of poloidal momentum for AUG in L-mode. In that project we simulated the setup of the Stuttgart probe and generated synthetic ion saturation currents and floating potentials, taking into account the relative radial and poloidal positions of the individual pins, see [10] . Due to the absence of high sampled electron, information about the radial momentum transport was shown to be difficult to obtain.
In this section, we will focus on the radial velocity and the radial particle transport. Here, we have aligned the individual pins in a regular grid aligned along the radial-poloidal coordinates; see Figure 1 (b). We will investigate the measurement of the transport for the case, where the temporal electron and ion temperature signals are absent and we only have information about its time average values, 〈 〉 and 〈 〉. Also, we investigate the influence of poloidally separated pins for measuring the ExB drift velocity.
Numerically, we have access to signals with high spatial and temporal resolution, and we can readily generate the synthetic signals. The individual pins of the probes in Figure 1 (b) measure all relevant plasma fields with a sampling rate of 10 MHz. We note that experimentally, we are limited by that 1 pin measures for a fixed 1 field only.
In Figure 3 we display the temporal signals at the radial position x=10 mm with respect to the LCFS position, i.e. in the SOL. The data has been taken from the HESEL simulation using plasma parameters from AUG#34106. The individual frames display both 'raw' HESEL signals in SI unit and synthetic signals. Figure 3 (a) displays the electron density, n e, and the signal n e,sat = I sat /eA�(〈T e 〉 + 〈T i 〉)/ , where
is the ion saturation current. Overall, we see that the two signals are closely correlated with their average approximately the same but during the intermittent fluctuations n e,sat is significantly larger than the true electron density. Figure 3(c) displays the plasma potential, φ p , and floating potentials, φ f = φ p − αT e , where α=3.18 for a deuterium plasma. We observed large differences between the two signals, not only in absolute values but also in frequencies. The plasma potential is slowly varying with a high mean value, whereas the floating potential exhibits much faster variations similar to the electron temperature and a mean value around zero.
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Figure 3(d) displays the ExB radial drift velocity, V r , and the velocities calculated from the potential difference of two Langmuir pins separated poloidally by dy = 5 mm using plasma potential; V r f = �φ p 1 − φ p 2 �/dy and using floating potential; V r f = (φ f 1 − φ f 2 )/dy. For the last field, we observe different amplitudes and the fluctuations seem to be nearly 90 degrees of out of phase compared to the other two signals. We, therefore, conclude that velocity based on floating potential cannot be taken as a proxy for the true ExB drift velocities at these SOL temperatures. Moving inward towards the edge region the electron temperature will increase, driving the signals even further apart.
In Figure 3 (e) we present 3 different estimates of the radial particle flux; = , = and = , where the radial velocities are taken from the above frame. The mean values for of the particle flux are; = 3.6 × 10 20 −2 −1 , = 2.9 × 10 20 −2 −1 and = −4.84 × 10 20 −2 −1 . As the flux derived using the floating potential is negative, whereas the two other signals are positive, we infer that we cannot reproduce the radial velocity using this potential. Figure 3 Temporal evolution of signals obtained by the synthetic probe at the radial position at x=10 mm in the SOL. (a) the electron density variation, ne, and density derived from the ion saturation current for constant electron temperature, n e,Isat , (b) the electron and ion temperatures, Te and Ti, (c) the plasma and floating potentials, φ p and φ f , (d) the true radial velocity, Vr, and velocities based on plasma potential difference from two probes separated poloidally by 5 mm; plasma potential V r p and floating potential V r f , and (e) the true particle flux, Γ n , and particle flux based on plasma and floating potential differences Γ n p and Γ n f . Horizontal dashed lines in (a), (b) and (c) denote the average values of the respective signals.
To investigate the effort of pin separation for the determination of the ExB drift velocity in more detail, we display in Figure 4 (a) the temporal evolution of radial velocity for r=10mm and the radial profile of the particle flux using 4 different poloidal pin separations. Choosing the largest pin separation we will reproduce a signal somewhat similar to the true ExB drift velocity, especially concerning the temporal frequencies present in the signal, but we do obtain a significantly smaller signal. We cannot obtain contributions from spatial variations smaller than the separation. Filament sizes for this simulation are in the range of 10-15 mm and we observed that we need a pin separation no larger than 5 mm to obtain a velocity close to the true drift velocity. In Figure 4 (b) we present the radial profile of the particle flux. We notice large fluctuations in the signals, which are due to the finite time record. Flux events are very intermittent in both time and space and we need a large record to obtain a reliable average. We observed that there is an increase in radial particle flux around r=20mm, which is a result of only 2-3 large transport events reaching this part of the SOL. In the edge region, e.g. r<0.0 mm, we again observed smaller measured flux as pin separation increases, consistent with the results for the drift velocity. 
Parallel transport
To evaluate the power fall-off length on the outboard midplane we need a large number of radially separated synthetic probes as the power fall-off length is only some millimetres thick. For the above simulation, we have probes separated by a radial distance of just 0.5 mm. Additionally, we also need a time record sufficiently large to capture a large number events, i.e. blobs and filaments, as parallel transport is highly intermittent. Figure 5 displays the time evolution of the parallel electron heat conduction, ||, , , for two radial positions; at the LCFS and for r=10 mm. We observe that for both positions the signals are very intermittent and we can observe transport events 5 times larger than the mean value. We note that as ||, , ∝ 7/2 most of the heat in the electron channel will be lost very close to the LCFS, explaining the large difference in ||, , between Figure 5 (a) and Figure 5 (b). Also, we will obtain a significant smaller parallel heat transport if we use the mean value of T e instead of the full temporal signal. For the simulations shown in this paper we obtain; ||, , ( )~2 ||, , (〈 〉), see also [4] . Figure 6 (a) displays the radial profile of parallel heat transport, i.e. time averages of signals shown in Figure 5 . Vertical lines denote the uncertainty from calculating the time averages. We refer to [4] for details of obtaining these profiles. The total parallel heat flux is divided into 3 contributions; electron conduction P q||,SH,e = 2π(R + a) ∫ ||, , = ∞ 0 0.329 MW, where 2π(R+a) factor accounts for the circumference of the tokamak, electron advection P q||a,e = 0.161 MW and finally ion advection P q||,a,i = 0.301 MW. We should point out that the ion conduction is negligible for the present case. The total power across the LCFS is P = P q||,SH,e + P q||,a,e + P q||,a,i = 0.74 MW. Taking the 'simplicity' of the model into account, this is fairly close to the actual heating power used + ℎ = 1.25 MW. In Figure 6 (b) we have plotted the power law for the power fall-off length, λ q , for a number of HESEL simulations with AUG parameters, see [4] . We have included the new HESEL simulation; HESEL@AUG#34106 ( = 1.14 10 19 −3 , , =63.67eV, = 0.79 ) together with another high power L-mode discharge HESEL@AUG#31344, ( = 1.37 10 19 −3 , , =78.22eV, = 1.24 . The two new HESEL simulations have a significantly higher electron temperature at LCFS but they still follow the HESEL@AUG power law derived in [4] . Our HESEL@AUG simulations are also in agreement with experimental L-mode Sieglin scaling at AUG, see [11] ; In both scalings, there is hardly any variation due to the input power, P, on λ q and a nearly linear variation on safety factor q. We notice that for the Sieglin scaling the magnetic field variation are taken from H-mode experiments.
Figure 6 (a) Radial profiles of parallel electron heat conduction (blue), parallel electron heat advection (dashed blue), the parallel ion heat advection (dashed red) and the total parallel heat transport (black) derived from the synthetic probes. (b)
The HESEL power law versus the calculated power fall-off length, the red dots HESEL@AUG simulations presented in [10] , blue diamond is the HESEL@AUG#34106 simulation (integration of the black curve in Figure 6 (a)) and green squared is the HESEL@AUG#31344 simulation.
Lithium beam diagnostics
Beam emission spectroscopy (BES) is important plasma diagnostic for the measurement of plasma density and related fluctuations [12] , by the observation of spontaneous emission from a high energy atomic beam injected into the plasma. The atomic beam typically consists of hydrogen species or light alkali atoms, which suffer collisional excitations and de-excitations with plasma particles, while gradually attenuating due to ionization and charge exchange processes. Rate Equations for Neutral Alkali-beam Technique (RENATE) is a BES modelling code, which calculates the electron population evolution of atomic levels along the beam for arbitrary density and temperature profiles [13] . The code features 3D beam and observation geometry modelling within measured magnetic geometries accounting for all BES related spatial artefacts. A SOL synthetic diagnostic developed by means of coupling the RENATE and HESEL codes required the 2D slab geometry used by the latter to be extended into 3D and placed within the machine coordinate space to the required position of the LCFS. Plasma parameters are approximated to be constant along field lines, due to the sampling time of the BES system exceeding that of the time of flight of particles following magnetic field lines within the beam geometry.
Experimental Advanced Superconducting Tokamak, EAST, is a medium-sized superconductive tokamak, equipped with a 2D lithium BES diagnostic providing a measurement range for edge and SOL turbulence alike, featuring a good signal to noise ratio, temporal and spatial resolution in the range of microseconds and centimetres, respectively [12] . This provides a unique opportunity for the study of SOL turbulence. L-mode discharge 77428 was investigated with a LiBES diagnostic and modelled with the HESEL and RENATE codes. The general plasma parameters for this discharge was as follows; R=1.8 m, a=0.45m, B 0 = 2.44 T, q 95 =5.6, n e,0 = 1.5 x0
19 m −3 , T e,0 = 30 eV and T i,0 = 45 eV. Figure 7 (a) displays a snapshot from HESEL@EAST#77428, the LCFS marked by red and LiBES channel 2-9 highlighted, observing the near SOL. Probability Distribution Functions (PDFs) of modelled photon count on the detector observing the SOL are positively skewed (Figure 7(b) ) indicative of outgoing filaments. Channels observing the plasma edge feature a slightly negative skewness, a possible indicator of inwards propagating holes. PDFs of corresponding experimental measurements show signals mostly dominated by noise, where the fluctuation amplitude is comparable to or below the noise levels. Power spectra of synthetic and experimental signals (Figure 7(c) ) show a common trend in signal energy deposition over the spectral range of 4 -30 kHz indicating similar frequency distribution of modelled and measured SOL activity. Power spectra and PDFs on the outer SOL channels suggest measured filaments to be of smaller density amplitude or less frequent than modelled counterparts. 
DISCUSSION
Fusion experiment observations are by nature quite noisy and data are very frequently sparse concerning spatial and temporal resolutions. Whereas models describe the physics in terms of quantities in SI units, e.g., electron density, electron and ion temperatures and plasma potential, data from experimental observations are in currents and voltage from probes from which we extract signals such as saturation current, floating potential etc. Synthetic diagnostics, where analytical models are solved numerically and its output are converted into signals emulating a real experimental diagnostic, thus serve as important tools bridging analytical models and experiments data.
In this contribution, we have investigated SOL and edge fluctuations using synthetic diagnostics. We have demonstrated that the radial and parallel particle and energy transport in the SOL are highly intermittent. To understand the mechanism of particle and energy confinement in tokamaks, we need to take into account the full temporal quantities and not only mean field profiles.
Based on synthetic Langmuir probe data generated using plasma parameters from AUG#34106 we have in detail investigated fluctuations in the SOL. We have shown that analyzing experimental probe data, access to temporal electron temperature with the same sampling rate as other signals is necessary for determining the ExB drift velocity from the potential difference between two cold Langmuir probes. The influence of the electron temperature on the floating potential is too large for it to be used as a proxy for the plasma potential, for electron temperatures values relevant for MST1 experiments like AUG. Access to electron temperature fluctuations is also important deriving the electron density from the ion saturation current to a Langmuir probe but in this case, due to the strong correlation between electron density and temperature, only the amplitudes between the signals will differ, not their frequencies.
We have also investigated the influence of the pin separation on determining the radial particle flux. As we increase this distance, there are spatial fluctuations, which the probe cannot measure and we will thus obtain smaller values of the flux. For a distance comparable to the filaments sizes, in the investigated case IAEA-TH/P7-4 approximately 1-1.5 cm, we observe a drop of 50% in the measured particle flux. For a pin separation of 0.5 cm we will measure more than 75% of the true flux.
In the SOL, synthetic probe data has been used to calculate the radial profile of the parallel heat fluxes on the outboard midplane. This profile can be mapped to the divertor to estimate the power deposition, as described in detail in [11] . We obtain a power law of the power fall-off length, which is in close agreement with the experimental AUG finding, see [11] .
Finally, we have generated synthetic Li-BES signals based on a selected EAST L-mode discharge. Li-BES is a very powerful SOL diagnostic for obtaining temporal density fluctuations in SOL and the edge region. We are currently developing such a workflow within the EUROfusion Work Package "Code development for integrated modelling", which will be used to analyse JET discharges during the upcoming campaigns.
